Bacterial toxins interact with target cells either by direct interaction with the membrane lipids (1) or by first binding to specific receptors expressed on the cell surface (2, 12) . In some cases, for example, diphtheria toxin, the toxin can interact directly with the lipid bilayer, but the presence of high-affinity cell surface receptors increases the sensitivity of the cells by several orders of magnitude (11) . The Helicobacter pylori vacuolating cytotoxin binds target cells and is slowly internalized (6) in the cytoplasm, where its biologic activity is expressed (4) . Here we demonstrate that the initial interaction of VacA with target cells is through high-affinity cell surface receptors and that this interaction is necessary for its biologic activity.
Saturable binding of VacA to HeLa cells. Binding of VacA to HeLa cells was assessed by indirect immunofluorescence and flow cytometry. Purified VacA (9) from H. pylori CCUG17874 was incubated at 4°C for 1 h with 10 5 HeLa cells in 50 l of phosphate-buffered saline (PBS). Nonbound VacA was removed by three washes with 150 l of 2% fetal calf serum in PBS, and the cells were then incubated for 30 min at 4°C with saturating concentrations of anti-VacA polyclonal immunoglobulin G (IgG) (10 g/ml). Following another wash as described above, cells were incubated for 30 min at 4°C with the appropriate dilution of fluorescein isothiocyanate-labelled anti-rabbit IgG and fixed with 1% paraformaldehyde. Cellbound fluorescence was analyzed with a FACScan flow cytometer (Becton Dickinson). A total of 5,000 gated events were collected. Mean fluorescence intensity (MFI) values of cells were subtracted from the value obtained for cells treated in the same way but in the absence of VacA. Figure 1A shows the shift in fluorescence obtained by incubating HeLa cells with increasing concentrations of VacA. The MFI, which is an indirect measure of the number of VacA molecules bound to the cells, increased with the VacA concentration to a plateau indicating saturation of binding (Fig. 1B) . At each concentration of VacA, a single population of cells with a distribution not significantly wider than that of the control cells was observed, indicating that binding to the cells was relatively homogeneous and that all of the cells had similar numbers of binding sites.
The asymptotic value of the saturation curves was calculated by using double-reciprocal plots. From this, the initial concentration of VacA which gave 50% maximum binding could be calculated. From the data sets from five independent experiments, 50% saturation of binding was achieved at 0.8 Ϯ 0.14 g/ml. Assuming the molecular mass of the oligomeric toxin from CCUG17874 to be approximately 600 kDa (7, 8) , this corresponds to a dissociation constant of 1.4 nM. This value is necessarily only an estimate, since the nonspecific binding in these experiments could not be assessed, although the fact that binding reached a plateau indicates that nonspecific binding was minimal. Furthermore, a recombinant form of VacA which does not fold correctly into the oligomeric structure and is inactive (9) failed to bind (data not shown). Hence, native VacA interacts with specific, high-affinity, saturable binding sites on the HeLa cell surface.
Replacement of the rabbit antiserum with a mouse monoclonal antibody (MAb), C1G9 (14) , against native VacA in these experiments gave identical results ( Fig. 2A) . Comparison of the shift in MFI obtained by using the MAb with standard beads coated with known numbers of MAb molecules of the same isotype [Qifikit(T); DAKO, Glostrup, Denmark] indicated that at saturation approximately 45,000 MAb molecules, corresponding to 45,000 VacA monomers, were bound.
Binding of activated VacA to HeLa cells. VacA purified from H. pylori culture supernatants is essentially inactive. However, treatment at a pH below 5 results in a conformational change in the molecule which is associated with a large increase in vacuolating activity (5) . The increase in activity was, however, not associated with an increase in VacA binding affinity. In fact, in several experiments using either polyclonal antibodies or MAbs, 50% saturation of VacA in PBS which had been brought to pH 5.0 by the addition of HCl for 15 min at 37°C and then neutralized with NaOH was 1.8 to 2.3 g/ml (Fig.  2B) . As can be seen from the error bars in Fig. 2B , the interexperimental variation in the data on binding of activated VacA was considerably more noticeable than in assays of the binding of native VacA. Although the difference was barely significant (P Ͻ 0.02), the slightly lower binding affinity of acid-treated VacA was consistently observed. Cover et al. (3) recently demonstrated that VacA oligomers dissociate at low pH but reoligomerize on neutralization. It is likely that the variation in binding affinity is due to the varying efficiency of VacA reoligomerization in the neutral binding buffer.
Competitive inhibition of active VacA. While it is clear that the large increase in the biological activity of acid-activated toxin is not due to an increase in receptor affinity, the possibility could not be excluded that the associated conformational change did not permit interaction of the toxin with different, functional receptors. To approach this question, we used inactive VacA to compete with acid-activated material in an assay of biologic activity. Two forms of inactive VacA were used. First, VacA which had not been treated at low pH was used. This material had low but detectable activity, probably due to a small quantity of the protein in the active state. Second, VacA which had been completely detoxified by treatment with 1.6 mM formaldehyde-25 mM lysine for 48 h at 37°C was used (10) . This formaldehyde treatment has been shown to completely detoxify VacA without extensive disruption of its conformation (10) . The formaldehyde-treated toxin bound to HeLa cells with an affinity similar to that of the native, nonactivated toxin (Fig. 3A) . Coincubation of HeLa cells with increasing concentrations of either of the inactive forms of VacA together with 20 g of the biologically active toxin per ml resulted in a dose-dependent reduction of vacuolation as measured by the neutral red uptake assay (13) (Fig. 3B) . Interestingly, both inactive forms of the toxin caused a 50% reduction in activity at a ratio of approximately 1:3 of inactive to activated protein, in accordance with the higher apparent binding affinity of the inactive material. We conclude that both the active toxin and the inactive toxin bind the same receptor and that this binding is associated with biological activity.
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